Gravity data and P-wave teleseismic traveltime residuals from 29 temporary broad-band stations spread over the northern margin of the Gulf of Aden (Dhofar region, Oman) were used to image lithospheric structure. We apply a linear relationship between density and velocity to provide consistent density and velocity models from mid-crust down to about 250 km depth. The accuracy of the resulting models is investigated through a series of synthetic tests. The analysis of our resulting models shows: (1) crustal heterogeneities that match the main geological features at the surface; (2) the gravity edge effect and disparity in anomaly depth locations for layers at 20 and 50 km; (3) two low-velocity anomalies along the continuation of Socotra-Hadbeen and Alula-Fartak fracture zones between 60 and 200 km depth; and (4) evidence for partial melting (3-6 per cent) within these two negative anomalies. We discuss the presence of partial melting in terms of interaction between the Sheba ridge melts and its along-axis segmentation.
INTRODUCTION
The break-up of continents and the creation of new ocean basins are processes that have reshaped Earth's surface since Archean time. Breakup process is poorly understood, in large part because most successfully rifted passive margins formed more than 100 Ma ago, and the thermal response of the lithosphere has long since decayed. Another problem in the geophysical exploration of passive margins is the combination of signals coming from various sources (e.g. Worzel 1968 ). These include the drastic crustal thinning, the change of crustal nature (oceanic versus continental), the presence of deep sedimentary basins and/or the presence of seaward dipping reflectors (SDRs). In this case, most geophysical methods can hardly associate the right wavelength of the total signal with the corresponding structure (e.g. Watts & Stewart 1998) . Still debated are the relative importance of magmatism and faulting in strain accommodation, and the thermal-mechanical evolution of continental lithosphere from rift onset to breakup (e.g. Buck 2004 ). Likewise, the along-strike variability of rift structure and its relation to mantle * Now at: Géosciences Montpellier, Université Montpellier II, CNRS UMR 5243, France. thermal anomalies remains poorly understood (e.g. Bastow et al. 2005; Lizarralde et al. 2007) .
The Gulf of Aden extends from Africa (Djibouti) to the Indian Ocean with a N075 trend and it separates the Arabian and Somalian plates (Fig. 1) . Its margins are only 400 km apart and well preserved beneath a thin postrift sedimentary cover. It then offers an ideal location to compare the along-strike structural segmentation of early syn-rift to seafloor spreading anomalies with the patterns of lithospheric thinning and heating. The Gulf of Aden evolution and its margin structure (both volcanic and non-volcanic) are closely related to the presence of the Afar plume at its western end (e.g. Manighetti et al. 1997; Bellahsen et al. 2003) . It is thus an ideal place for studying the interactions between asthenosphere and lithosphere. We focus our study on the Dhofar Area (Southern Oman; Fig. 1 ) for two main reasons. First, it is far from any other major geodynamic processes that could interact with break-up: the Arabian subduction beneath Eurasia (Zagros and Makran) is more than 800 km away and is dipping to the north. Secondly, this region benefits from previous geophysical studies for crustal constraints (e.g. Leroy et al. 2004; d'Acremont et al. 2006; Tiberi et al. 2007) .
In 2003 and 2005 , two seismological experiments were carried out along the southern coast of Oman, in the Dhofar area. In total, 29 broad-band stations operated each for 1 yr, recording numerous teleseismic events. We have combined these seismological data with existing gravity data in a joint inversion scheme to estimate both Pwave velocity and density structure beneath the northeastern margin of the Gulf of Aden. We reach depths of 250 km with a spatial resolution of about 50 km.
We then discuss the presence of anomalous bodies in terms of interaction between mantle and crustal processes, rift evolution and margin/ridge segmentation.
Tectonic setting
Rifting of the Gulf of Aden commenced around 35 Ma. Seafloor spreading initiated by 18 Ma in the eastern Gulf of Aden, where mid-ocean ridge orientation is oblique to plate opening (N026). Its spreading rate increases from west (1.6 cm yr −1 ) to east (2.3 cm yr −1 ) (e.g. Fournier et al. 2001) . Oceanic spreading started at least at 17.6 Ma in the eastern part of the Gulf (Leroy et al. 2004) , whereas seafloor spreading in the western part seems to continue to propagate westward into the Afar depression (Manighetti et al. 1997; Huchon & Khanbari 2003) . The onset of continental rifting coincides with the highest eruption rates of continental basaltic flood at ∼30 Ma (e.g. Courtillot et al. 1999; Ukstins et al. 2002; Wolfenden et al. 2004) . The major discontinuity of Shukra-El Sheik (Fig. 1 ) may indicates the limit of the Afar hotspot influence and correspond to a major change in the rheology of the lithosphere (Hébert et al. 2001 ). West of this major discontinuity, the margins are considered volcanic (Tard et al. 1991) , whereas they are non-volcanic east of it (e.g. Leroy et al. 2004; d'Acremont et al. 2005) (Fig. 1) . However, recent evidence has been reported of both volcanic activity and high heat flow more than 1000 km east of the Afar (Lucazeau et al. 2008 (Lucazeau et al. , 2009 . The non-volcanic characteristic of the eastern part of the Gulf of Aden is then subject to question, and one can wonder whether hot mantle material could be still present east of the Shukra-El Sheik fracture zone.
The Shukra-El Sheik fracture zone is one of the main structures that segment the Gulf of Aden. Their orientations range from N025 to N030 (Audin et al. 2004) . The Alula-Fartak fracture zone is a major transform fault that horizontally offsets the Sheba ridge by ∼180 km (d 'Acremont et al. 2005) . The Alula-Fartak fracture zone parallels the Socotra-Hadbeen fracture zone (SHFZ; Fig. 1 ). The early mid-ocean ridge coincide with the late syn-rift segmentation of the continental margins (d 'Acremont et al. 2006) .
The margins are strongly asymmetric, but they comprise the same sequences as the main Arabian platform: Cretaceous to Eocene marine platform sequences overlying Precambrian to Cambrian basement. The northern margin (Oman) is narrower and steeper than the southern one (Eastern Somalia and Socotra island). This asymmetry is linked to the existence of Jurassic basins in the Gulf of Aden, which generate strong pre-existing lithospheric fabrics (d 'Acremont et al. 2006) .
In our study area, on the northern margin (Dhofar, Oman), the pre-rift marine sequence has been evaluated from geological observations to be about 2 km thick (Roger et al. 1989) . Several fault-bounded syn-rift basins striking from N70
• E to N110
• E cut all these sequences (Lepvrier et al. 2002; Bellahsen et al. 2006) . The major syn-rift basins on land are Salalah and Ashawq basins in the Dhofar area. The Jabal Qara fault bounds these basins and is coincident with the localization of crustal deformation in this area (Tiberi et al. 2007 ).
Previous seismological work
Although numerous studies dedicated to the lithospheric structure beneath Arabia and its surroundings were conducted for decades, they mainly focus on the eastern, northern or western parts of Arabia (e.g. Benoit et al. 2003; Park et al. 2007) . Anomalous hot mantle beneath the Arabian shield is clearly imaged down to 400 km from body wave (Knox et al. 1998 ) and surface wave tomography (Debayle et al. 2001; Sebai et al. 2006) . Also, anomalous 522 C. Basuyau et al. Figure 2 . Complete Bouguer anomaly for the offshore part of our study region. The data are collected from two geophysical cruises: Encens-Sheba (Leroy et al. 2004) and Encens . The two seismological temporary networks associated to this work are represented by the white (2003) (2004) and black (2005) (2006) triangles. Brown and black continuous segments underline onland and offshore main faults, respectively. Brown dashed lines offshore indicate major segmentation of the northern Aden margin (from d 'Acremont et al. 2005). potentially hot lithospheric mantle is indicated by low Pn velocities along the Red Sea passive margin , and indicated by inefficient Sn propagation beneath the Gulf of Aden and the Red Sea (Al-Damegh et al. 2004) . The thickness and structure of the crust and the lithosphere are known through the Arabian plate (e.g. Hansen et al. 2006; Al-Lazki et al. 2002) . Al-Damegh et al. (2005) deduced the average crustal thickness of the late Proterozoic Arabian shield as 39 km. In the northern part of the Arabian platform, the crust varies from 33 to 37 km; however, the crust is thicker (41-53 km) in the southeastern part of the platform (AlLazki et al. 2002) . Along the Red Sea, the crust thins to about 23 km (Al-Damegh et al. 2005) . Hansen et al. (2006) deduce from shear-wave splitting the presence of a density-driven flow associated with the channelized Afar upwelling.
The lithospheric structure of the Gulf of Aden margins remains poorly constrained. Surface wave tomography produces low resolution (∼1000 km) images of the upper mantle part only (Debayle et al. 2001; Sebai et al. 2006) . In 2003, the first seismological experiment carried out in the Dhofar area gave insight to the Moho variations across the northern margin of the Gulf of Aden from receiver function analysis (Tiberi et al. 2007) . This study showed (1) a crustal thinning from 35 km beneath the northern rift flank to 26 km beneath the Salalah coastal plain and (2) a localization of the crustal thinning below the first known tilted block of the margin. Crustal thinning is more pronounced beneath the pre-rift basins, suggesting pre-rift structural variations influenced the Oligocene-Pliocene rifting. This work has been strengthened and completed by offshore geophysical surveys in the past few years (Leroy et al. 2004 d'Acremont et al. 2005 d'Acremont et al. , 2006 Lucazeau et al. 2008) .
DATA PREPARATION
To image the lithospheric structure of the northern margin in the Gulf of Aden, we used two data sets that joined in a common inversion scheme. Gravity data gives more information on crustal structure, whereas teleseismic data provides a better resolution below 40 km.
Gravity data
The first data set is the complete Bouguer anomaly map for the Dhofar region (Sultanate of Oman). The continental part of the data is a compilation of confidential values (by courtesy of the Ministry of Commerce and Industry of Sultanate of Oman), whereas marine data were collected during the Encens-Sheba (Leroy et al. 2004) and Encens (Leroy et al. , 2009b cruises (Fig. 2) .
The complete Bouguer anomaly was computed using an average density of 2670 kg m −3 for topographic loads and slab correction. Water density value was set to 1030 kg m −3 . We use intitial terrestrial and marine gravity data sets. After combining and decimating these two data sets, we use 23 746 Bouguer anomaly measurements. The final data set shows that the values are ranging from −70 to 290 mGal. The complete Bouguer anomaly presents a long wavelength gradient perpendicular to the coast with igure 3. Azimuthal distribution of earthquakes used in this study. The circles represent events arriving with a first P-wave, whereas the triangles represent events arriving with a first PKP phase.
negative to positive values from continental to oceanic domain, respectively. A shorter wavelength component can be observed offshore along the coast, corresponding to a late syn-rift, high strain rift system characterized by tilted blocks imaged in seismic reflection data (d 'Acremont et al. 2005) . This component has a high amplitude.
Seismological data
The seismological data comes from two temporary broadband net- Fig. 2 shows a location map of the broadband stations used for earthquake observations in Salalah region during the Dhofar Seismic Experiment. We only consider events in the epicentral distance range from 30
• to 150
• with a clear P or PKP phase. About 180 events in 2003 and more than 240 events for 2005 of magnitude greater than 5.0 were finally selected and used in the analysis. Fig. 3 shows the geographic distribution of the selected teleseismic events.
The final seismological data set was composed of 4989 P and PKP delay times calculated using IASP91 reference Earth model (Kennett & Engdahl 1991) . They range between −0.9 and +0.9 s. As the arrival times were determined from waveform cross-correlation (VanDecar & Crosson 1990), we could assign a small picking error for each residual within the range ±0.01 to ±0.15 s. 
METHOD
To simultaneously invert both of the relative delay times and the gravity data in the Gulf of Aden, we applied a joint inversion in the sense of Lines et al. (1988) and Lees & VanDecar (1991) . In this scheme, velocity and density variations ( V and ρ, respectively) are linked with a linear relationship taken from Birch (1961)
where B can range between 2 and 5 km s −1 g −1 cm 3 , depending on rock types (Birch 1961), pressure and temperature conditions (Christensen & Mooney 1995) .
The used method was initiated by Zeyen & Achauer (1997) and then developed by Jordan & Achauer (1999) and Tiberi et al. (2003) . In this method, in addition to velocity and density perturbations we can also consider the B coefficient as an inversion parameter which varies with depth. Its variations only reflect its statistical and pressure dependant variations. However, to keep the coupling between velocity and density, we maintain it into a reasonable range of values by fixing its standard deviation σ very low. We solve this highly non-linear problem with an iterative least-squares method based on a Bayesian approach (Zeyen & Achauer 1997) . Thus, any a priori information can be introduced to reduce the set of possible solutions (σ , smoothing, model geometry, . . .).
As the method and parametrization are extensively presented elsewhere (Zeyen & Achauer 1997; Tiberi et al. 2003) , we only give hereafter short insights on our initial model organization. The density variations are distributed into rectangular blocks (Blakely 1995) , whereas velocities are calculated on nodes with an interpolation between each of them (Thurber 1983) . For this study, we have selected a model composed of eight layers distributed from the surface down to 230 km (Table 1) . Each layer is divided into 15 density blocks and 22 velocity nodes in the east-west axis and 13 blocks and 23 nodes in the north-south axis. The density block size varies from 15 to 50 km and the lateral spacing between nodes ranges from 10 to 100 km. We start with homogeneous layers and we link velocity and density variations through an average B value of 3 km s −1 g −1 cm 3 for each layer. The initial values for density and velocity are summed up into Table 1 , based on usual values for those parameters at those depths. We assigned initial standard deviation for each parameter: 0.01 km s −1 , 0.005 g cm −3 and 0.1 km s −1 g −1 cm 3 for velocity, density and B factor, respectively. We considered constant standard deviations to take into account the lack of information on the depth location of structures. Velocity nodes are constrained and inverted if more than five teleseismic rays pass in their vicinity.
After several trials, the smoothing parameter has been selected as 0.001 for both the density and velocity, which allows for a good balance between realistic contrasts and mild spatial variations. This 524 C. Basuyau et al. value limits the short wavelengths, which could lead to incoherent results and unstable inversion.
Recent receiver function analysis gives a priori crustal thickness estimations beneath some of our stations (Tiberi et al. 2007 ). However, there are two difficulties which prevents us from using this a priori information in our inversion. First this information is very sparse and unevenly distributed. Secondly, the joint inversion uses a 3-D raytracing and an iterative scheme which prevents from integrating a priori crustal delay time estimation from the receiver function. We thus consider the upper and lower crust to be about 40 km thick together and represented by the first two layers of the model (Table 1 ). The Moho variations will then appear as density and velocity variations within those two layers.
RESULTS
To estimate the resolution of our joint inversion, a series of synthetic tests have been performed. To start with, we create a fictitious Earth model with known density and velocity perturbations (synthetic model). The density and velocity perturbations are linked following a Birch type law. Then through this model we compute the seismic traveltime residuals and the gravity anomaly for the actual rayset and gravity data geometry, respectively (synthetic data set). Finally, we inverted the synthetic data in the same manner as the actual inversion (same homogeneous starting model, same smoothing, same data distribution and standard deviation parameters).
Checkerboard test
To assess the resolving power of the joint inversion technique, we first analysed the ability of our ray geometry and gravimetric anomaly calculations to retrieve a standard checkerboard model. The checkerboard approach is a classic test to highlight areas of good ray coverage, to estimate the extent to which smearing of anomalies is occurring, and to evaluate the shortest wavelength of the anomaly that can be resolved with our seismic ray geometry.
In this test, we alternated the positive and negative perturbations in both velocity and density models throughout layers 3, 4 and 8. The initial variation is set to ±5 per cent for the velocity, resulting in density perturbation of ±0.16 g cm −3 . The perturbations concern two adjacent density blocks and the velocity nodes included within them. Fig. 4 depicts the recovered velocity and density structures from the inversion of this checkerboard geometry. The density perturbing bodies are better retrieved in the shallowest layer of the model both in location and amplitude and are fairly close to the initial perturbations. At greater depth, the initial density anomalies are poorly recovered because of the rapid decay of gravity amplitude with distance. These results represent a weak density resolution for depths greater than 100 km.
The recovered velocity structure from the checkerboard test shows that the perturbing blocks are clearly distinct from one to another, indicating a fairly good lateral resolution. As classically observed, for teleseismic traveltime inversion, the velocity perturbations are better retrieved in the deepest part of the model than in the shallowest layers, where more rays cross. Besides, in general, the resolution of the velocity increases with depth from the edges to the centre of the array (Evans & Achauer 1993) . Furthermore, the initial perturbations are better located south-east of the study area with a maximum perturbation of ±2.5 per cent (about half the input anomaly). This is due to the high density of rays originating from the Pacific subduction zones (Fig. 3) . Note that at the edges of the array, the input anomalies show evidence of streaking due to the lack of crossing rays.
We estimate from this test that about 50 per cent of the initial amplitude for the velocity anomalies were recovered. This is partly caused by the vertical (upward and downward) smearing of the velocity anomalies (Fig. 4c) . This effect is common in all teleseismic analysis and is due to the smearing of the velocity anomalies along the nearly vertical ray paths.
In order to clarify our interpretation, we hereafter subdivided the results section into two parts: the first one represents the crustal structure for both the density and velocity models while the second one deals with the upper mantle part of the models. The velocity and density models presented hereafter (Figs 6 and 7) result from 5 iterations. The good convergence is indicated by the total decrease of the root mean square (RMS) through the five iterations (Fig. 5) and is favoured by the standard deviation value we impose to the B factor (0.1 km s −1 g −1 cm 3 ). The overall decrease of the RMS is 94.3 per cent and 55.5 per cent for the gravity and delay time data, respectively. The reduction of the total residual sum in our case is more than 90 per cent (data, parameter, and smoothing constaint). Besides, the final standard deviations for the calculated data are 93.373 mGal and 0.175 s for gravity anomalies and delay times respectively, very close to the observed data (93.567 mGal and 0.203 s). The final density and velocity variations range between −0.6 g cm −3 and +0.6 g cm −3 , and −6 per cent and +6 per cent respectively, indicating reasonable values for lithospheric scale.
When comparing the computed gravity from the density model with the observed data, only very short wavelength differences appear (±50 mGal). It clearly reflects a good agreement between our model and data. The short wavelength residuals are directly related to our coarse grid size compared to the smallest crustal structures. Furthermore, the highest residual values correspond to areas where we anticipate large lateral variations in crustal structure: tilted blocks and sediment-filled rift basins along the coast, the Jabal Qara fault or the Socotra-Hadbeen fracture zone (see Figs 1 and 2 for location names).
Crustal structure
The crust is contained within the two first layers of our models (from 0 to 50 km, Fig. 6 ). Within those layers, the obtained resulting contrasts are in the range of ±0.6 g cm −3 for the density and ±6 per cent for the velocity perturbations. Those upper crustal anomalies are related to geological structures observed at the surface: the low velocity/low density anomaly at the centre of the network corresponds to the 3 km of sediments deposited in the Salalah basin, whereas the western low corresponds to the Ashawk basin depocentre. The positive anomaly located beneath the easternmost stations of the network correlates with the Precambrian basement exposure along the margin following the footwall of the Mirbat escarpment where pre-rift sedimentary cover is absent.
In contrast, velocity and density models are clearly inconsistent for layer 2 (20-50 km) (Fig. 6) . We notice the presence of very low density anomalies running along the coast which are not related to any low velocity anomalies. The seismic ray coverage in this part of the model is not dense enough to clearly image the associated offshore velocity structures (see synthetic test; Fig. 4 ). The observed low-density patterns could be the signature of the deep and numerous sedimentary basins present along the coast (d' Acremont et al. 2006) . However, the joint inversion clearly misjudges their depth estimation in the density model by locating them too deep. We suggest two main reasons to explain this apparent inconsistency for layer 2. The first one is the gravity edge effect on passive margins that comes from the superimposition of several signals and sources (as illustrated in Fig. 8) with thin, high-density oceanic crust; (2) the presence of sedimentfilled rifted basins and (3) the Moho depth variations. In our case, the sum of those signals results in a global gravity signature from which we can hardly isolate one of the sources. It thus increases our difficulties to understand the margin structures. However, our results delineate the horizontal extent of the basins, where additional a priori information will be necessary to completely overcome this problem.
The second reason we advocate here is that the incident angle of the teleseismic rays used for the joint inversion is small enough to prevent any ray crossings within the uppermost 10-15 km (e.g. Evans & Achauer 1993) . As the seismic analysis is at the edge of its resolution, we cannot benefit from the complementarity of the data sets here to overcome this gravity edge effect (Fig. 8) . A more detailed analysis of the short wavelength gravity anomalies should be proceeded to better investigate the crustal structure of the Dhofar margin. However, to completely overcome the gravity edge effect near the passive margin, additional constraints are needed from both receiver functions for all stations and seismic profiles obtained during the Encens cruise (Leroy et al. 2009b ). This work is in progress, but clearly beyond the scope of this study.
Upper mantle structure
The upper mantle structure is imaged by layers 3 (at 50 km) down to 8 (230 km). The resulting anomalies vary between ±0.3 g cm −3 and ±4 per cent for the density and velocity, respectively. The density model exhibits a long wavelength pattern constant through all the mantle layers: the onshore part of the margin appears less dense than the offshore part (Fig. 6) . We interpret this to be the transition from Figure 8 . Scheme of the gravity edge effect at a continental passive margin. The total gravity anomaly is the sum of various effects: crustal thinning, the presence of a transitional crust, sedimentary basins. The presence of underplating and/or crustal and mantle bodies with density variations can result in an even more complex gravity signal. In our case, because of seismic ray coverage, the offshore crustal part is constrained by gravity only.
continental to oceanic crust and mantle. This pattern is not seen in velocity because the upper oceanic part is certainly not sampled by the rays due to the geometry of the teleseismic raypath (Evans & Achauer 1993) (Fig. 8) .
In more detail, our inversion reveals two intriguing patterns in its deepest part where two negative anomalies appear at both sides of the network. For the density model, they start at 50 km, then slightly decrease in amplitude until 230 km. These anomalies are more pronounced and obvious in the velocity model where they display −3 per cent of amplitude from 60 to 230 km depth. In between them is a positive anomaly (≈ +2 per cent and +0.1 g cm −3 in velocity and density, respectively) centred on the network. The width of these anomalies is approximately 100 km.
The density model exhibits the same pattern, even though the amplitudes of the anomalies are weak due to the decay of signal with distance (Fig. 6 ).
Determining the cause and the reality of these anomalies is not self-evident. First, as the velocity and density contrasts show a zero average for a given layer, we are unable to distinguish between two strong negative anomalies (the positive one being an artifact) or one central big positive one (the negative ones being an artefact). Secondly, determining the cause of seismic heterogeneity within the Earth is always problematic because a number of factors (such as temperature, compositional variations, presence of melt or water, anisotropy) can play a role in wave speed variations in tomographic models (e.g. Karato 1993; Sobolev et al. 1996) . Furthermore, those factors do not affect wave propagation the same way. As an example, temperature is thought to influence wave velocity more than compositional variations (see overviews of Ranalli 1996; Yuen et al. 1996) . Moreover, temperature has the same effect on Pthan on S-wave velocity, contrary to the effects of rock composition, the presence of a fluid phase and an elasticity (e.g. Karato 1993 ). . Plots of P-wave versus S-wave relative arrival time residuals for all stations and common earthquakes. (a) All events are considered, (b) only events passing through the eastern negative anomaly (from Fiji, Vanuatu and South America), (c) only events passing through the western negative anomaly (from Japan) and (d) events passing through the positive one (from Greece). The solid lines are the least square fit to our data (with a the slope of the lines), and the dashed one is a slope of 2.9 (thermal effect only). The central part shows the direction of the rays coming from South America, Greece and Japan.
However, compositional effects are generally considered secondary to temperature (e.g. Goes et al. 2000; Cammarano et al. 2003; Faul & Jackson 2005; Bastow et al. 2008) . To determine within the possible sets of causes for these deep anomalies, we plot S versus P traveltime residuals, following the manner of Gao et al. (2004) or Bastow et al. (2005) . Such a comparison is preferable to directly analyze the velocity anomalies on our tomographic images because it requires fewer assumptions, particularly associated with amplitude recovery. Indeed, using the range of temperature derivatives of Bastow et al. (2005) (δV P = 0.5-2 per cent per 100
• ) on our results, we obtain temperatures for the anomalies that spread over a unreasonably large range (100
• and 1200 • ) to confirm or refute possible partial melting. Fig. 9 shows plots of P versus S traveltime residuals for common earthquakes at all stations. Based on Karato (1993) and for a purely thermal origin, Gao et al. (2004) determined a linear relationship with a slope of 2.9 between P and S traveltime residuals. Considering all events, we find a slope greater than 2.9, suggesting the presence of partial melt (Bastow et al. 2005) (Fig. 9a) . To determine whether the two negative velocity anomalies are associated with the occurence of partial melting, we plot P versus S residuals for rays that pass through the anomalies (Figs 9b and c) . The slopes are then even steeper. Finally, the slope for rays not passing through the two negative velocity anomalies is less than 2.9 (Fig. 9d) . It is thus likely that the zones of the two negative velocity anomalies are real and the location of partial melt.
Some studies investigated the effect of melt geometry on seismic velocities (e.g. Mavko 1980 ). For a given melt fraction cracklike pore space has a more dramatic effect on velocity than equi-dimensionsal pore space. Thus, Saltzer & Humphreys (1997) use the following relationship:
where is the melt fraction and A is a constant dependent upon the aspect ratio of the melt inclusions. Generally, 1 < A < 3 unless the melt is distributed in very thin films, in which case A may be larger. In our study, the smearing effect and the smoothing constraint of our inversion do not allow us to accurately define
. But the synthetic tests have shown that we can retrieve half the amplitude of the velocity anomalies. With a maximum V P V P of about 3 per cent observed on our results, the real amplitude could then be as much as 6 per cent further implying a melt fraction of about 2-6 per cent.
RESOLUTION OF SPIKE ANOMALIES
To investigate the resolving power of our inversion for the deepest parts of the models, which are also the hardest to image, we perform a spike test. In this test, we added an extra layer between 230 and 280 km for density blocks and at 250 km depth for velocity nodes. Inside this last layer, we inserted two negative anomalies on both sides of the seismic network. We set their velocity and density contrasts to −5 per cent and −0.16 g cm −3 , respectively (Fig. 10 ). We chose negative anomalies because the seismic rays tend to avoid the regions of low velocity, and hence these are the hardest to retrieve in tomography. Fig. 10 shows the results of our synthetic spike velocity model. The anomalies are quite well retrieved, yet with an obvious vertical smearing effect as the negative values are recovered from about 60 to 250 km depth. The positive velocity anomaly located between the negative anomalies is an artefact due to the fact that the inversion deals with relative anomalies, and that the average should be zero within the layer (Zeyen & Achauer 1997) . Concerning the density model, the inversion is able to only retrieve a weak part of the anomalies at the real depth. The highest density contrasts are retrieved for the 60 km layer, due to the smearing effect.
Even if there are inherent effects in our inversion, these tests clearly illustrate the complementarity of the two data sets. The crustal part is better resolved by the gravity constraints, whereas the deeper parts are resolved by the seismic constraints: the larger the number of crossing rays, the better the resolution.
DISCUSSION
We have investigated the crustal and mantle structure along the northern rifted margin of the Gulf of Aden with gravity and seismological data. In the following section, we discuss our results in terms of geological and geodynamical processes.
The very upper part of our models (upper crust, 0-20 km) displays anomalies directly related to major geological units observed at the surface. The Salalah and Ashawq grabens with sedimentary infill are characterized by negative anomalies both in velocity and density, whereas Precambrian basement outcrops at the eastern end of the network in the Mirbat area with high density and velocity signatures (Fig. 6) . The lower crustal part of our models (20-50 km) is the location of an apparent decoupling between velocity and density information. We explain this behaviour by the gravity edge effect well-known on rifted passive margins, and by the fact that seismic rays do not have sufficient coverage at that particular depth to resolve the sharp lateral heterogeneity. To tackle this question, we propose to invert the short to average wavelengths of the gravity signal with constraints from receiver functions and multichannel seismic profiles available in the region (Encens cruise). First, this will lead to a better resolution of the area. Secondly, we expect to overstep the gravity edge effect and dissociate the different sources of the signal with a finer parametrization. However, this work is beyond the scope of the present study and will be soon undertaken.
The deep part of the gravity and velocity models is dominated by two negatives anomalies (Fig. 6 ). These two regions are probably the location of partial melting within the mantle. We crudely estimate the amount of partial melting to be between 2 and 6 per cent from the amplitude of our anomalies.
To assist the discussion, we project our velocity results for 170 km depth (layer 7) on the regional tectonic scheme (d 'Acremont et al. 2006, Fig. 11) . As shown with the checkerboard test, our results present a fairly good lateral velocity resolution for this depth even for regions outside the seismic array, as the ray crossing widens with depth (see also Fig. 6b) .
The vertical extent of these negative anomalies is yet not well constrained because of the smearing effect. However, there are no strong negative density variations in the shallowest layers of the final model at the location of the two velocity perturbations (Fig. 6 ). This distribution testifies for deep anomalies. Besides, we have estimated Figure 11 . P-wave velocity perturbation model at 170 km depth above the tectonic scheme from d 'Acremont (2002) . Main faults are underlined by black segments, and brown dashed lines offshore indicate major segmentation of the northern Aden margin (from d 'Acremont et al. 2005) .
that 60 km is a reasonable depth for still having seismic smearing effect from a single perturbing body located even below 200 km depth (see synthetic spike test; Fig. 10 ). We then are totally aware that the low-velocity zones may be deeper than it seems from Fig. 6 , may be below 80-100 km depth. The only way to constrain their extension in depth is then to discuss their existence from previous tomography studies imaging the deeper part of the mantle. Even if no other lithospheric tomography is available in the whole Gulf of Aden, it is quite interesting to notice that a minimum of surface wave phase velocity is also imaged in the eastern part of the Gulf in the recent studies of Sebai et al. (2006) and the one of Pasyanos & Nyblade (2007) . In these models, a low-velocity area is located between Socotra-Hadbeen and Alula-Fartak fracture zones at about 100 km depth, and not below 200 km. We estimate then that these low velocity zones do not exceed ≈200 km and are restricted to the upper mantle.
The striking pattern of these two anomalies is that they are exactly located on the prolongation of the two fracture zones of SocotraHadbeen and Alula-Fartak (Fig. 11) . We are thus very tempted to relate their presence with the rifting process and the margin evolution and their segmentation (d 'Acremont et al. 2006) . However, the lateral extension of our network is too limited (max. 400 km) to fully interpret our results in light of more regional geodynamic processes (Afar plume, Sheba ridge). Particularly, no direct connection between our anomalies and the Sheba ridge is evidenced in our study. Moreover, the joint inversion only gives an image for the present anomalous structures. We thus do not have the slightest indication of the age of these low velocity zones relative to the rifting process (pre-syn-or post-rift). They are too deeply rooted to perturb the heat flow, which exhibits normal values for a continental lithosphere (40-47 mW m −2 ; Lucazeau et al. 2008 ).
532
C. Basuyau et al. Evidence has been brought for mantle melt migration controlled by lithospheric thickness variations (e.g. Ebinger & Sleep 1998; Manglik & Christensen 2006) . Ridges with large offset transform faults are also conducive to lateral melt migration. Escartin & Cannat (1999) explain a discrepancy in crustal thickness deduced from geophysical and geological studies by along-axis melt migration away from the transform (Mid-Atlantic Ridge). Interactions between plume and ridge have also been reported near the Galapagos area (Ito et al. 1997) . In this case, lateral mantle flow of melt is proposed to explain plume-signature material nearby mid-ocean ridges (Braun & Sohn 2003) . In favourable conditions (temperature and migration velocity), the melt can cross offsets of several hundred kilometers in a few hundreds thousand years (Braun & Sohn 2003) .
Although no direct evidence has been reported of melt migration between the Sheba ridge and the fracture zones of SocotraHadbeen and Alula-Fartak, such a mechanism could associate the low-velocity zones we have evidenced with the Sheba ridge. With no more indications on the age of these anomalous zones, we then propose the following two options:
(1) The melting zones are pre-or syn-rift and then favoured the location of the ridge segmentation (Socotra-Hadbeen and AlulaFartak FZ), regardless of inherited structures (e.g. Jiza-Qamar Basin Mesozoic in age and Proterozoic basement; Fig. 11) ;
(2) The melting zones are post-rift and come from the migration of melt from the Sheba ridge along the Alula-Fartak and SocotraHadbeen FZ. This alternative is consistent with the presence of recent thermal episodes recorded in the Sheba ridge axis and offaxis (from immediately after the break-up up to now) in between the Alula-Fartak and Socotra-Hadbeen fracture zones that are best explained by channeled flow of plume material from Afar along the Aden-Sheba ridges (Leroy et al. 2009a) . Heat flow measurements and multichannel seismic observations indicative of recent volcanic activity (Lucazeau et al. 2009; Autin et al. 2009 ) along the deep part of this margin are consistent with this inference.
CONCLUSIONS
We performed a joint inversion for gravity and teleseismic data to image lithospheric structure beneath the northeast non-volcanic passive margin of the Gulf of Aden. The crustal part of the model is dominated by rifted basins with sedimentary infill, the change between oceanic and continental crustal composition together with crustal thickness variations. Deep anomalies within the mantle are coherently imaged by both the seismic and gravity signals. We infer two zones of partial melting (max. 6 per cent) in the direction of the main fracture zones (Alula-Fartak and Socotra-Hadbeen). The presence of these partial melting zones questions the non-volcanic style of this margin, together with their sources (Sheba ridge) and timing (pre-, syn-, post-rift) . This inversion of gravity and teleseismic data only images the present day state of lithospheric heterogeneity. We have no evidence about timing of the development of such structures and need other studies to further our interpretations (SKS studies, deep receiver functions).
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